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We  developed  a  way  to  propagate  point-wise  perturbations  using  only  WIMS-D4  multigroup  data.
The  method  inherently  includes  treatment  of  multi-group  implicit  sensitivities.
We  compared  our  calculated  sensitivities  to an  industry  standard  tool  (TSUNAMI-1D).
In general,  our  results  agreed  well  with  TSUNAMI-1D.
 r  t i  c  l  e  i  n  f  o
rticle history:
eceived 7 July 2012
eceived  in revised form 15 July 2013
ccepted 25 July 2013
eywords:
uclear data
ensitivity analysis
mplicit  sensitivity
RAGON
attice  physics
a  b  s  t  r  a  c  t
Deterministic  lattice  physics  transport  calculations  are  used  extensively  within  the  context  of operational
and  safety  analysis  of  nuclear  power  plants.  As  such  the  sensitivity  and  uncertainty  in the  evaluated
nuclear  data  used  to predict  neutronic  interactions  and  other  key transport  phenomena  are critical  top-
ics  for  research.  Sensitivity  analysis  of  nuclear  systems  with  respect  to  fundamental  nuclear  data  using
multi-energy-group  discretization  is  complicated  by the  dilution  dependency  of  multi-group  macro-
scopic  cross-sections  as a result  of  resonance  self-shielding.  It  has  become  common  to group  sensitivities
into  implicit  and  explicit  effects  to aid  in  the  understanding  of  the nature  of the  sensitivities  involved
in  the calculations,  however  the  overall  sensitivity  is  an  integral  of  these  effects.  Explicit  effects  stem
from  perturbations  performed  for  a speciﬁc  nuclear  data  for a given  isotope  and  at  a speciﬁc  energy,  and
their  direct  impact  on  the  end ﬁgure  of  merit.  Implicit  effects  stem  from  resonance  self-shielding  effects
and  can  change  the  nature  of  their  own  sensitivities  at other  energies,  or that  for other  reactions  or  even
other  isotopes.  Quantiﬁcation  of the  implicit  sensitivity  component  involves  some  manner  of  treatment
of  resonance  parameters  in a way  that  is self-consistent  with  perturbations  occurring  in associated  multi-
group  cross-sections.  A procedure  for assessing  these  implicit  effects  is  described  in the  context  of  the
Bondarenko  method  of  self-shielding  and  implemented  using  a WIMS-D4  multi-group  nuclear  library
and  the  lattice  solver  DRAGON.  The  resulting  sensitivity  results  were  compared  to  those  calculated  by
TSUNAMI-1D,  which  computes  implicit  sensitivities  using  a different  methodology  consisting  of a combi-
nation  of  linear  perturbation  theory  and  automatic  differentiation.  Energy-dependent  sensitivity  proﬁles
and  integrated  sensitivity  coefﬁcients  are  presented,  as well  as  a comparison  of calculated  sensitivities
 strufor  different  energy  group. Introduction
An essential part of nuclear reactor analysis is the predic-
ion of the three-dimensional space-time kinetics of neutrons in
∗ Corresponding author at: Department of Engineering Physics, Room JHE-A315,
cMaster  University, 1280 Main Street West, Hamilton, Ontario L8S 4L8, Canada.
el.:  +1 905 525 9140.
E-mail  addresses: ballmr@mcmaster.ca (M.R. Ball), novog@mcmaster.ca
D.R. Novog), luxatj@mcmaster.ca (J.C. Luxat).
029-5493 © 2013 The Authors. Published by Elsevier B.V. 
ttp://dx.doi.org/10.1016/j.nucengdes.2013.07.011
Open access under CC BY license.ctures  and  geometry  dimensionalities.
© 2013 The Authors. Published by Elsevier B.V. 
a relatively large, ﬁnite, heterogeneous, three-dimensional reac-
tor core. In a majority of safety analyses the prediction of reactor
physics responses is performed using neutron diffusion theory
applied to three-dimensional systems, with inputs usually derived
from deterministic neutron transport solutions of two-dimensional
lattice geometries. There has been increased activity related to
uncertainty and sensitivity in reactor physics calculations, and
the Organization for Economic Cooperation and Development –
Nuclear Energy Agency (OECD-NEA) has sponsored an ongoing
benchmark entitled “Uncertainty Analysis in Modelling” (UAM)
related to these efforts. The goal of this work is to offer a strategy
Open access under CC BY license.for computing lattice sensitivities using the DRAGON lattice code
and WIMS-D4 multi-group library. Results are presented with com-
parison to those from TSUNAMI, developed by Oak Ridge National
Laboratories.
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In general, neutron transport theory allows for the predic-
ion of the spatial distribution of neutrons given the reactor
eometry, boundary conditions, and nuclear interaction data.
hus the solution will depend on problem-speciﬁc information
geometries, materials, and boundary conditions) as well as generic
nputs related to nuclide-speciﬁc interaction probabilities, ﬁssion
nergy distribution, and neutron and ﬁssion product yields. These
eneric input data are contained in nuclear data libraries which
rovide the appropriate information as a function of neutron
nergy. Most deterministic lattice neutron solvers predict the
eutronic behavior as a function of discrete energy intervals, and
ence they need the input data to be transformed into multiple
nd discrete energy groups (so-called multi-group data). The code
JOY is typically applied to process continuous energy nuclear data
nto corresponding multi-group cross sections. Once computed
t the lattice level, the neutron ﬂux and nuclear interaction rates
re used to develop so call few-group nuclear data, which form
he input for three-dimensional full-core diffusion calculations.
ithin this work we have developed a sensitivity and uncertainty
nalysis tool with the capability of examining the explicit effects
f a perturbation as well as the implicit effects which manifest
hemselves through changes in the spatial-temporal neutron ﬂux
hich arise from self-shielding effects. At the outset of this work,
 fundamental objective is that the sensitivity and uncertainty tool
ust utilize well established transport methods and codes, and
ust be practical for engineering analyses in the sense that it can
ltimately be applied to large scale nuclear reactor physics compu-
ations. An additional goal was to develop a tool with the ﬂexibility
o examining sensitivities for a wide range of input parameters,
uch as those related to geometry, composition, temperatures, etc.,
hich in many cases cannot be examined easily with adjoint-based
ethods. The algorithm developed utilizes the DRAGON lattice
hysics code, which is an open-source transport solver already
n use in the Canadian nuclear industry. Where possible we have
alidated our responses against established sensitivity tools using
lternative solution methods and algorithms.
.1. Theory and background
This  section provides a very brief overview of transport methods
nd the fundamental sensitivity components which are addressed
n this work. A continuous-energy formulation of the neutron trans-
ort equation is shown in Eq. (1).
 ˝ · ∇ (r,  E, ˝ )  +∑T (r, E)(r,  E, ˝ )  =
∫
4
d˝′
∫ ∞
0
∑
S
(r, E′
− E, ˝ ′ → E, ˝ → ˝ )(r,  E′, ˝ ′)dE′
+ (E)
4k∞
∫
4
d˝′
∫ ∞
0
v¯(r, E′)
∑
F
(r, E′, ˝ ′)(r,  E′, ˝ ′)dE′
(1)
hile evaluated nuclear data such as ENDF (Herman and Trkov,
009) provides continuous-energy neutronic interaction informa-
ion, most deterministic lattice codes do not solve the transport
quation using continuously-varying parameters for practical rea-
ons. Cross-section processing is ﬁrst performed to produce an
quivalent set of discretized multi-group neutron interaction
arameters, so that the solution of the transport equation is done
ver discrete rather than continuous energy ﬁeld (Tsvetkov and
alter, 2011; MacFarlane and Boicourt, 1982; Dunn and Greene,
002). Typically the neutron ﬂux is used as a weighting factor in
he transformation from continuous to multi-group nuclear data.
Once collapsed to multiple and discrete energy groups – usually
umbering from a few dozen to a few hundred – the data is stored
n multi-group nuclear data libraries, and often packaged with
attice physics codes, whose task is to determine neutron ﬂux and
eaction rates as a function of energy group using problem-speciﬁcg and Design 265 (2013) 1– 12
materials and geometries. The cross-section averaging in each
energy group, g, using an estimate of the neutron ﬂux, (E) as a
weighting function is shown in Eq. (2), where (E) is a microscopic
cross-section continuously varying in energy, and g is the average
of (E) over some energy interval, g.
g =
∫
g
(E)(E)dE∫
g
(E)dE
(2)
1.2. Resonance self-shielding
Resonant  cross-sections cause ﬂux depressions to occur in an
energy neighborhood near to the cross-section resonances. The less
dilute the nuclide, the larger its contribution to total cross-section
and the larger the ﬂux depression that results in the vicinity of the
resonance. A nuclide admixed at inﬁnite dilution causes no per-
turbation and the ﬂux remains smoothly varying, typically on the
order 1/E at intermediate energies. Since the dilution is a function
of the fuel design and materials, it is necessarily problem speciﬁc.
Depressions  in ﬂux cause the multi-group constants that con-
tain resonances to take on smaller values, since the ﬂux, acting
as an averaging weighting function, exhibits a local minimum
that corresponds to the cross-section peak energy. This effect is
called resonance self-shielding (Hébert, 2009), on account of the
ﬂux being effectively prevented by the resonance from attaining
a smoothly varying form when at low dilution. The ﬂux will be
reduced (or shielded) as compared to that observed at high dilu-
tion, and in-turn such ﬂux when used as a weighting function will
tend to reduce said multi-group constant.
The process of correcting the multi-group cross-sections to new
values that reﬂect the ﬂux depressions at the problem-speciﬁc
dilution is an initial step in lattice calculations (Duderstadt and
Hamilton, 1976). Complexity is added in that one discrete energy
group may  contain one, several, or partial resonances within its
energy boundaries. Multi-group libraries, such as the WIMS-D4
(Taubman, 1975; Leszczynksi et al., 2007) or AMPX master libraries
(Bowman and Dunn, 2009), are designed to allow for self-shielding
calculations, and include resonance parameters speciﬁcally to
accommodate that task. The quantity and style of resonance param-
eters are tailored to particular resonance self-shielding methods.
A common and straightforward strategy is Bondarenko’s method
(Bondarenko, 1964; MacFarlane, 2010; Greene, 2009). The Bon-
darenko method observes that the continuously-varying ﬂux in
the neighborhood of the narrow resonances tends to behave as the
product of two components: an underlying smooth 1/E component,
and a component that varies as 1/
∑
T.
The Bondarenko formula of a self-shielding cross-section, ¯g ,  in
a particular energy group interval, g, is shown in Eq. (3).
Eq.  (3): Bondarenko resonance self-shielding.
¯g =
∫
g
((E)1/E)/(t(E) + 0)dE∫
g
(1/E)/(t(E) + 0)dE
(3)
where,
(E) is a continuously varying, resonant microscopic cross-
section.
t is the microscopic total cross-section of the resonant nuclide.
0 is the background cross-section in per-resonant atom units.
s¯g: is the discrete, self-shielded resonant cross-section in group
g.
In practice, many multi-group nuclear data libraries (includ-ing WIMS-D4 and AMPX-format libraries) include tables of
Bondarenko self-shielded group constants that have been
pre-computed for a variety of temperatures and background
cross-sections, including an inﬁnite background cross-section.
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lM.R. Ball et al. / Nuclear Engi
he calculation of problem-dependent self-shielding effects can
e accomplished by interpolating the table to the problem dilu-
ion and temperature that corresponds to the speciﬁc nuclear
attice under investigation. The method proposed in this paper to
reat uncertainties within the existing computational framework
tilizes these pre-computed background information in the prop-
gation of the nuclear data sensitivities through the resonance
elf-shielding treatment.
.  Implicit and explicit lattice sensitivities
Lattice physics sensitivity analysis, as applied in this paper,
nvolves the determination of the magnitude of change of lattice
utput responses with respect to changes in input parameters.
he output responses of interest include the multiplication con-
tant, k∞, and few-group, homogenized cross-sections as well as
ther important characteristics such as mean neutron lifetime,
rompt and delayed fractions, and reactivity feedback coefﬁcients.
hile lattice input parameters include nuclear data (typically in
ulti-group format), mixture temperatures, material atom densi-
ies, physical geometry and so on, this paper will focus exclusively
n nuclear data, such as microscopic cross-sections, to highlight
he efﬁciency and beneﬁts of the perturbation method using the
re-computed Bondarenko background data. However, it should be
oted that the sensitivity and uncertainty analysis tool discussed
ere is applicable to a much larger domain of sensitivities includ-
ng those with respect to composition, geometry, temperature and
ensity inputs.
The  ways through which response sensitivities emerge
ith respect to microscopic cross-sections differ between the
ontinuous-energy and multi-group formulations of neutron
ransport. Explicit sensitivity, present in both formulations, exists
hrough direct action, where parameters perturb responses via
he operators of the transport equation. However, in the discrete-
nergy case, there are additional, implicit sensitivities (Williams
nd Rearden, 2008) that are associated with the dependencies
hat exist between discrete group cross-sections that are absent
rom their continuous-energy counterparts. The implicit effects
re a product of resonance self-shielding effects, in that the
ross-sections of a particular nuclide contribute to the background
ross-section seen by all other admixed nuclides and therefore
ffects the ﬂux, which affects the weightings used in the homoge-
ization process. Therefore, while not explicitly observable in the
ransport equation, self-shielding sensitivities are implied by the
iscretization of the parameter space in energy.
The distinction between explicit and implicit sensitivities can
e alternately explained through the observation that the explicit
omponent is the sensitivity of lattice output responses with
espect to self-shielded cross-sections, and the implicit component
s the sensitivity of self-shielded and discretized cross-sections
ith respect to their inﬁnite-dilution counterparts. It has been
bserved that implicit sensitivity components can be substantial
n some cases, accounting for up to 40% of the total sensitivity in
ome energy groups (Rearden et al., 2005).
The proper accounting of both the explicit and implicit sensi-
ivities is necessary for comprehensive sensitivity and uncertainty
nalysis of lattice physics calculations. Strategies for estimating
mplicit sensitivities depend on the underlying method for per-
orming resonance self-shielding calculations implemented by the
articular lattice code, and the set of resonance parameters used
y the code to facilitate those calculations. This paper describes strategy for the estimation of implicit sensitivities that is appli-
able to a Bondarenko-type self-shielding calculation using the
esonance parameters included in a WIMS-D4 format nuclear data
ibrary. While the implementation details are speciﬁc to the libraryg and Design 265 (2013) 1– 12 3
and  lattice code adopted, the overall method is generic and can be
applied to a large body of lattice physics codes.
3. Methodology and tools development
A methodology was  developed and implemented in a new
toolset, DINOSAUR (Ball, 2012), which calculates sensitivities
and propagates uncertainties of both nuclear data and problem-
dependent model data through lattice calculations. DINOSAUR
creates new multi-group nuclear data libraries whose data has
been modiﬁed compared to a set of unperturbed reference data.
The solution of the lattice physics equations applied to each new
library is performed using the lattice code DRAGON (Marleau et al.,
2012). By comparing the perturbed cases to the reference cases,
a set of sensitivities can be computed. Implicit sensitivities are
quantiﬁed by DINOSAUR by correcting resonance integrals found in
the nuclear data library based on perturbations of inﬁnite-dilution
cross-sections, as is shown in Section 3.3.
The methodology is capable of performing a variety of calcu-
lations including sensitivity analyses and Monte Carlo covariance
propagation as part of uncertainty analysis. Monte Carlo covariance
propagation is performed by randomly simultaneously generating
new samples of each uncertain parameter (i.e. multi-group cross-
sections) according to their joint probability distributions. The
best-estimate values of each variable are taken to be their statistical
means, and their covariance is provided as input to the uncer-
tainty propagation sequence. Higher order statistical moments
must be assumed, such as whether the distributions are Gaussian,
uniformly-distributed, etc. DINOSAUR writes each set of random
samples to a new cross-section library, and calls on a best-estimate
lattice solver to compute the corresponding output responses to
each set of input, giving rise to a distribution of output responses
whose covariance can be analytically computed.
DINOSAUR can also calculate sensitivities using a direct numeri-
cal perturbation (DNP) approach, which is the subject of this paper.
The DNP mode of DINOSAUR is similar to its Monte Carlo samp-
ling mode in several respects: DINOSAUR determines new values
for uncertain parameters; those values are written to new cross-
section libraries; a best-estimate solver is called on by DINOSAUR
to compute the output response associated with the newly writ-
ten libraries; DINOSAUR analyze the output response to determine
useful information. Where the DNP and Monte Carlo mode differ is
in the manner by which new variable values are determined.
DNP  is a straightforward numerical method for estimating the
partial derivatives of response functions by making small changes
to an input parameter of interest and evaluating the response with
each change, according to, for example, a method of ﬁnite differ-
ence. In the context of the DINOSAUR tool, the small change, or
perturbation, is made on a variable by multiplying it by a num-
ber that is, near unity. When the perturbed value is calculated, it
is written to a new cross-section library according to the proce-
dure outlined above and in a way that satisﬁes a set of consistency
requirements that are described in Section 3.3. Therefore, to calcu-
late the sensitivity of a response (e.g. k∞) with respect to an n-group
cross-section requires n + 1 best-estimate calculations: one refer-
ence solution and n perturbed solutions that each correspond to
one of the n perturbed energy groups of the cross-section. The cal-
culation of a partial derivative of k∞ with respect to cross-section
of type, i, in energy group, g, ig is straightforward as shown in Eq.
(4).
∂k∞(ig) k∞(ig + ıiig) − k∞(ig)
∂ig
=
ıi
i
g
(4)
An appropriate perturbation size is selected such that it achieves
a balance of avoiding numerical truncation which occur when too
4 M.R.  Ball et al. / Nuclear Engineering and Design 265 (2013) 1– 12
Table  1
DINOSAUR uncertainty/sensitivity sequence component description.
Item Description
WIMSD Best-estimate multi-group cross-section library in the
WIMS-D4  format
EXTEND Increases the byte-length of the WIMS-D4 library to
accommodate full-range ﬁssion spectrum, 
Perturbations User-deﬁned factors by which input parameters should be
perturbed
WIMLIB  Generates sets of random or perturbed WIMS-D4 libraries
DRAGON DRAGON best-estimate lattice solver
RDDRAG Parses DRAGON output deck
ENDF-COV Multi-group cross-section covariance matrix in ENDF-6
format
MODCOV Translates the covariance from its ENDF-6 format to a
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Table 2
WIMS-D4 multi-group parameters.
WIMS-D4
Parameter
Description ID Function of. . .
Tr Transport cross-section XTR Incident energy,
temperature
lumped
absorb
Lumped absorption
cross-section
XA  Incident energy,
temperature
f Fission cross-section XF Incident energy,
temperature
¯f Fission-yield
cross-section
XVF Incident energy,
temperature
Ia Lumped abs. resonance
integral
RIa  Incident energy,
temperature, dilution
Ivf Fission-yield resonance
integral
RIvf  Incident energy,
temperature, dilution
l
s,j→k Lumped scattering
matrix
XSMl = 1
XSMl = 2
Incident energy,
resultant energy,
temperature, Legendre
order
p Potential scattering XP Incident energy
s/ Slowing-down per unit
lethargy
Incident  energy
  Goldstein–Cohen factor Incident energy
moderating nuclides such as hydrogen and deuterium.
XSj ≡
∑
k
XSM0j→k (10)
Table 3
DINOSAUR internal parameters.
Internal
Parameter
Description  ID Function of. . .
s 1-D lumped scattering
cross-section
XS  Incident energy,
temperature
∼	 Approximation to (n,
	)  cross-section
XG  Incident energy,
temperature, dilutionformat  used by DINOSAUR
SNDWICH  Calculates k∞ uncertainty using the sandwich rule
mall a perturbation is applied and too large a perturbation which
ay mask the local sensitivity. A dimensionless sensitivity coef-
cient, Sig of k∞ with respect to the same parameter is shown in
q. (5). It is common to see sensitivity coefﬁcients expressed in
er-unit lethargy, as in Eq. (6), where E+g and E
−
g are the upper and
ower energy bounds of group g, respectively. This accounts for the
act that parameters in broad energy groups tend to show more sen-
itivity to output responses merely as a result of their occupying a
arger fraction of the energy domain than parameters in narrower
roups.
i
g =
∂k∞(ig)
∂ig
× 
i
g
k∞
(5)
i
Lg =
Sig
log(E+g /E
−
g )
(6)
The focus of work described in this paper is the determination of
otal sensitivities (implicit plus explicit) using DNP and to highlight
he importance of their treatment in lattice physics calculations
ith comparisons made to solutions obtained using an alternate
ethod based on linear perturbation theory. A ﬂowchart of the
NP sequence of DINOSAUR is shown in Fig. 1, and descriptions
f its modules are listed in Table 1.
.1. WIMS-D4 multi-group library parameters and resonance
ntegrals
During  the 1990s, the International Atomic Energy Agency
IAEA) identiﬁed the need to update the aging WIMS-D4 libraries
ith the latest nuclear data. It subsequently launched the WIMS
ibrary Update Project (WLUP) (IAEA, 2007) to produce new WIMS-
4 format libraries that would replace the outdated WIMS-D4
ibrary, which was based on evaluated nuclear data from the
arly 1960s. The results of the WLUP are 69 and 172 energy
roup libraries, “IAEA”, which contains data for 173 materi-
ls.
The WIMS-D4 format includes resonance parameters for per-
orming resonance self-shielding and multi-group parameters that
re required for solving the transport equation. The list of multi-
roup parameters that are explicitly stored in the library is shown
n Table 1. Some parameters are also assigned identiﬁer (ID) codes
y DINOSAUR, which are also shown in the table, if applica-
le.As shown in Table 2, the IAEA WIMS-D4 library contains scat-
ering and absorption data that is “lumped”, that is, data that is an
ggregate of several reaction cross-sections that are not individ-
ally recorded in the library explicitly. Deﬁnitions of the lumped  Nuclide-independent
ﬁssion neutron
spectrum
CHI  Resultant energy
absorption and scattering data are shown in Eqs. (7) and (8), respec-
tively.
lumped
absort
= absorb − 2n − 23n = 	 + f + ˛· · · − 2n − 23n (7)
ls = lscatter + 2l2n + 3l3n = lslastic + linelastic + 2l2n + 3l3n (8)
However, for most materials, only a transport-corrected, isotropic
(l = 0) lumped scattering matrix as shown in Eq. (9) is included in
the library, where the isotropic scattering matrix is corrected by a
term that is a function of the ﬁrst-order, linearly anisotropic matrix.
trancs,j = 0s,j − f (1s,j) (9)
In addition to the parameters listed in Table 2, other parameters,
which are not explicitly stored on a WIMS-D4 format library, can
at least be computed or approximated by those parameters and are
shown in Table 2. Such parameters, such as ¯,  are used internally
by DINOSAUR and are given DINOSAUR identiﬁer codes. They are
listed in Table 3.
The  lumped one-dimensional scattering cross-section, XS, is
a column-integrated lumped isotropic (l = 0) scattering matrix.
Therefore, the i-th group of XS is as shown in Eq. (10). For
nuclides with negligible inelastic scattering, ˛-particle production
and neutron production, XS will approximate that nuclide’s elas-
tic scattering cross-section. This is the case for some importantv¯ Average neutrons per
ﬁssion
NU  Incident energy,
temperature
t Total cross-section XT Incident energy,
temperature, dilution
M.R. Ball et al. / Nuclear Engineering and Design 265 (2013) 1– 12 5
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or many nuclides, a good approximation of the neutron capture
ross-section, , can be made by subtracting the ﬁssion cross-
ection, if present, from the lumped absorption cross-section, and
hen disregarding any negative values. Negative absorption val-
es may  arise due to the negative lumped absorption contributions
rom 2n and 3n. DINOSAUR deﬁnes a parameter, XG, as an approx-
mation of  in this manner.
G ≡ MAX(XA − XF, 0) (11)
he average number of neutrons per ﬁssion is implicitly stored in
 WIMS-D4 format library and can be determined exactly by the
atio of the XF and XVF parameters as shown in Eq. (12).
U ≡ XVF
XF
(12)
astly, the total cross-section of non-transport correct nuclides can
e computed merely from the sum of the lumped scattering and
umped absorption cross-section as shown in Eq. (13). For materials
hose scattering matrix is transport-corrected, the total cross-
ection as deﬁned in Eq. (13) is only an approximation to the total
ross-section, and is in fact identical to the transport cross-section,
TR.
T ≡ XS + XA (13)
he DINOSAUR parameters XS, XG and NU are valuable for com-
aring DINOSAUR sensitivities to those calculated by other codes
hose reference data includes those parameters explicitly.
The  WIMS-D4 library contains a set of resonance parameters
uitable for performing Bondarenko-type resonance self-shieldingNP ﬂowchart.
of  microscopic cross-sections. Indexed by background cross-
section and temperature, tables of resonance integrals, Ia(T, 0)
and If (T, 0) exist for each resonance energy group, and corre-
spond to absorption and ﬁssion-yield cross-sections, respectively,
of selected nuclides. The resonance integrals are deﬁned in Eqs. (14)
and (15).
Ia(T, 0) ≡
¯a(T, 0)0
¯a(T, 0) + 0
(14)
Ivf (T, 0) ≡
¯vf (T, 0)0
¯a(T, 0) + 0
(15)
where,
0 is the background cross-section.
¯a is the discrete, self-shielded absorption cross-section in
group g.
¯uf is the discrete, self-shielded ﬁssion-yield cross-section in
group g.
The  self-shielding cross-sections that appear in Eqs. (14) and
(15) as part of the formulation of the IAEA library resonance
integrals were calculated by the GROUPR module of the cross-
section processing code NJOY when the library was compiled.
3.2.  Implicit and explicit sensitivities using direct numerical
perturbation
This  section details a method for evaluating lattice sensitivities
using DNP. Implicit sensitivity components are treated in the
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nalysis using a set of resonance parameter corrections derived
rom perturbations in inﬁnitely dilute cross-sections.
While the calculation of explicit sensitivities is straightforward,
etermining the implicit effects – and hence the total sensitivity –
equires more attention. The determination of explicit sensitivities
erely requires that the perturbations be applied after the reso-
ance self-shielding step of the lattice calculation sequence. The
esulting sensitivities are therefore in reference to changes in the
elf-shielded cross-section, rather than to changes in the inﬁnitely-
ilute cross-section. Recall that the total sensitivity, which includes
oth explicit and implicit sensitivity components, is the sensitivity
f a response to changes in an inﬁnitely-dilute cross-section rather
han one that is self-shielded at a particular problem dilution. When
alculating the total sensitivity, perturbations must be applied
rior to resonance self-shielding on the problem-independent,
nﬁnitely-dilute cross-sections, with appropriate changes to res-
nance parameters to ensure internal consistency between the
esonance parameters and the newly perturbed inﬁnitely-dilute
ross-sections.
Consider a small perturbation factor, (1 + ıi), applied to an
nﬁnitely-dilute, discrete resonant cross-section, i, of type i, in
nergy group g, as in Eq. (16).
Eq. (16): A perturbed, discrete cross-section in group, g.
¯ g
′
i
= (1 + ıi) ¯gi = (1 + ıi)
∫
g
i(E)(E)dE∫
g
(E)dE
(16)
o develop a unique and useful treatment for reactor-scale appli-
ations which deterministically solve the multi-group neutron
ransport equation and which can be used within the self-shielding
unction, it can be assumed that the perturbation of the discrete
ross-section is solely attributable to its continuous-energy coun-
erpart, (E), and not, for example, the result of a perturbation in
he ﬁne structure of the weighting function, W(E), which takes a
/E form at slowing-down energies. A second assumption can be
ade that the discrete perturbation is uniformly attributable to
he continuously-varying cross-section over the energy interval, g,
s in Eq. (17).
¯ g
′
i
= (1 + ıi) ¯gi =
∫
g
(1 + ıi)i(E)(E)dE∫
g
(E)dE
=
∫
g
 ′
i
(E)(E)dE∫
g
(E)dE
(17)
′
i(E) = (1 + ıi)i(E) (18)
q. (18) relates perturbations in a discrete, inﬁnitely-dilute group
ross-section to a uniform perturbation in the continuous-energy
ross-section within the group energy boundaries. Substituting the
erturbed continuous-energy cross-section in Eq. (18) into the Bon-
arenko equation for resonance self-shielding, Eq. (3), yields Eq.
19).
¯ g
′
i
(T, b) =
∫
g
′
i
(T,
)
′
i
(T,
)+0 d

1
′
i
(T,
)+0 d

(19)
n Eq. (19), a change of variable has been performed from neu-
ron energy, E, to neutron lethargy, 
 in order to simplify notation,
nd in addition, the dependency of parameters on tempera-
ure have been explicitly referenced. Note that the perturbed
ontinuous-energy resonant cross-section,  ′
i
(T, 
), results in cor-
esponding perturbations to the total cross-section of that nuclide,
′
t(T, 
) and the resulting self-shielded resonant cross-section, ¯
g′
i
.g and Design 265 (2013) 1– 12
By expanding the perturbed cross-section of Eq. (19), the equation
can be re-written as sown in Eq. (20).
¯g
′
i
(T, b) =
∫
g
(1+ıi)i(T,
)
(1+ıt )t (T,
)+0 d

1
(1+ıt )t (T,
)+0 d

(20)
Since the perturbation is constant over the energy group, the
factor (1 + ı) in the numerator of Eq. (20) can be removed from the
integration, and the equation reduces to,
¯g
′
i
(T, b)=(1 + ıi)
∫
g
i(T, 
)
(1 + ıt )t(T, 
) + 0
d

∫
g
1
(1 + ıt )t(T, 
) + 0
d

=  (1 + ıi)
∫
g
i(T, 
)
t(T, 
) + 0
(1 + ıt )
d

∫
g
1
t(T, 
) + 0
(1 + ıt )
d

=(1  + ıi) ¯gi
(
T,
0
(1 + ıt )
)
= (1 + ıi) ¯gi (T,  ′0)
(21)
It can be seen in Eq. (21) that when a perturbation factor (1 + ı)
is applied to an inﬁnitely dilute cross-section, the resonance self-
shielded cross-section is perturbed by the same factor, but must
also evaluated at a modiﬁed background cross-section. Note than
in Eq. (21) a new parameter  ′0 has been introduced which will be
referred to as an effective perturbed background cross-section, which
is deﬁned in Eq. (22).
 ′0 =
0
1 + ıt
(22)
Consequently, it can be seen from Eqs. (21) and (22) that when
a perturbation factor (1 + ı) is applied to an inﬁnitely dilute cross-
section, the resonance self-shielded cross-section is perturbed by
the same factor, but must also evaluated at a perturbed back-
ground cross-section,  ′0, which is the unperturbed background
cross-section divided by the resulting perturbation of the total
cross-section, (1 + ıt). This technique has the advantage that it does
not require the knowledge of any continuously-varying data and
can be calculated using only multi-group parameters and hence
can be directly adopted into the existing deterministic transport
codes that are used in industrial applications. In particular this has
high value to the nuclear power industry where often multi-group
input datasets for deterministic lattice calculations are ﬁxed, since
the data has been evaluated and adjusted with complimentary data
speciﬁc to the design. Hence, the methodology proposed here does
not require operational speciﬁc nuclear data to be re-derived from
raw continuous nuclear data libraries. The assumption, that the
group-wise perturbation can be characterized by a uniform scaling
of the continuous-energy cross-section (rather than, for example,
the lateral translation of resonances) has similarity to the calcula-
tion performed by the BONAMIST module (Greene, 2009; Rearden
et al., 2009a) of the TSUNAMI-1D (Rearden, 2009b) code, which is
that the continuous cross-section is fully correlated within each
group.
3.3. Consistency rules for WIMS-D4 parameter perturbations
Of  the parameters used by DINOSAUR, some are independent
and others are dependent. The independent parameters are those
that are perturbed by DINOSAUR by request of the user and for
which sensitivity coefﬁcients to k∞ are computed. Conversely, the
dependent parameters are only perturbed as a consequence of
the perturbing of an independent parameter, in order to ensure
the library remains self-consistent. In DINOSAUR, a set of consis-
tency rules are enforced to ensure that dependent quantities such
as lumped cross-sections and resonance integrals are adjusted to
reﬂect the change made to the perturbed independent quantities.
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Table  4
DINOSAUR parameter dependencies.
Independent parameter Dependent parameters
XS XTR, XSM, XP, RIa, RIvf
XG  XTR, XA, RIa, Rvf
XF  XTR, XA, XVF, RIa, Rvf
NU  XF, Rvf
Table 5
DINOSAUR consistency rules for XS.
Independent parameter
perturbation
Rule  # Rule description
XS′ = (1+XS) XS 1.A  XTR′ = XTR + ıXS
1.B XSM′ lj→k = (1 + ıjXS)XSMlj→k ∀k
1.C  XP′ = (1 + ıXS)XP
1.D RIa′(T, 0) =
¯0(T,
′
0
)0
¯a(T,′0)+0
1.E RIa′(T, 0) =
(1+ıXA) ¯a(T,′0)0
(1+ıXA) ¯a(T,′0)+0
Table 6
DINOSAUR consistency rules for XG.
Independent parameter
perturbation
Rule # Rule description
XG′=(1 + ıXG)XG 2.A  XTR′ = XTR + ıXG
2.B XA′ = XA + ıXGXG
2.C  RIa′(T, 0) =
(1+ıXA) ¯a(T,′0)0
(1+ıXA) ¯a(T,′0)+0
2.D RIvf′(T, 0) =
¯vf (T,
′
0
)0
(1+ıXA) ¯a(T,′0)+0
Table 7
DINOSAUR consistency rules for XF.
Independent parameter
perturbation
Rule # Rule description
XF′ = (1 + ıXF)XF 3.A XTR′ = XTR + ıXF
3.B XA′ = XA + ıXFXF
3.C XVF′ = (1 + ıXF)XVF
3.D RIa′(T, 0) =
(1+ıXA) ¯a(T,′0)0
(1+ıXA) ¯a(T,′ )+0
F
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3.E RIvf ′(T, 0) =
(1+ıXVF ) ¯vf (T,′0)0
(1+ıXA) ¯a(T,′0)+0
or example, it is quite intuitive that any perturbation applied to
f(XF) should result in a commensurate modiﬁcation to vf(XVF),
ut other parameter relationships are not so intuitive. Such consis-
ency rules are necessary to ensure that perturbed libraries do not
iolate physical restraints. This section describes all the consistency
ules currently implemented in DINOSAUR. A table of independent
nd dependent parameters is shown in Table 4.
There are four sets of consistency rules, each corresponding to
ne of the DINOSAUR’s four independent parameters, shown in
ables 5–8. For each table, the rules are triggered when a per-
urbation of the form listed under the “Independent parameter
erturbation” column occurs. All “primed” quantities (i.e. XTR′, XS′,
tc.) are perturbed quantities, whereas their non-primed counter-
arts (i.e. XTR, XS, etc.) are unperturbed reference quantities. With
he exception of ’0, whose formulation was shown previously in
able 8
INOSAUR consistency rules for NU.
Independent parameter
perturbation
Rule # Rule description
NU′ = (1 + ıNU)NU 4.A XVF′ = (1 + ıNU)XVF
4.B  RIvf ′(T, 0) =
(1+ıXVF ) ¯vf (T,′0)0
(1+ıXA) ¯a(T,′0)+0g and Design 265 (2013) 1– 12 7
Eq. (22), the other perturbed parameters have a general form as
shown in Eq. (23).
X′ = X + ıXX = (1 + ıX )X (23)
General form of perturbed parameter, X
The rules in Table 5 describe the manner by which ﬁve depend-
ent reference parameters, XTR, XSM, XP, RIa and RIvf are perturbed
to XTR′, XSM′, XP′, RIa′ and RIvf′, to achieve mutual consistency with
XS′, which is the scattering parameter XS perturbed by a factor of
(1+ıXS). Rule #1.D and Rule #1.E account for the implicit sensitivity
effect, and will be described in more detail below. The consistency
rules for XG, XF, and NU are found in Tables 6–8.
Several of the consistency rules involve recalculation of the
resonance integrals, RIa and RIvf. These integrals require such recal-
culation because it is clear from Section 3.2 that a perturbation
of an inﬁnitely-dilute cross-section implies a related perturbation
on resonance self-shielded cross-sections according to Eq. (21). By
substituting Eqs. (21) and (22), into Eqs. (14) and (15), equations
describing perturbed resonance integrals can be determined, as
shown in Eqs. (24) and (25).
I′a(T, 0) =
¯ ′a(T, 0)0
¯ ′a(T, 0) + 0
= (1 + ıXA) ¯a(T, 
′
0)0
(1 + ıXA) ¯a(T,  ′0) + 0
(24)
I′vf (T, 0) =
¯ ′vf (T, 0)0
¯ ′a(T, 0) + 0
=
(1 + ıXVF ) ′vf (T,  ′0)0
(1 + ıXA) ′a(T,  ′0) + 0
(25)
The task associated with propagating inﬁnite-dilution perturba-
tions to resonance integrals involves re-computing the integral as a
function of self-shielded cross-sections that have been evaluated at
a  perturbed background. Given a perturbed inﬁnite-dilution cross-
section, the ﬁrst step in this procedure is to re-arrange Eqs. (14) and
(15) to solve for the self-shielded cross-sections that correspond to
each resonance integral in the table.
¯a(T, 0) =
Ia(T, 0)0
0 − Ia(T, 0)
(26)
¯vf (T, 0) =
Ivf (T, 0)0
0 − Ia(T, 0)
(27)
Therefore, from the table of resonance integrals within a
multi-group library, there can be found a table of self-shielded
cross-sections that correspond to indices of temperature and 0.
For a given perturbation of (1+ı) applied to an inﬁnitely-dilute
cross-section, for example, a, the table of self-shielded cross-
sections, ¯a(T, 0) is interpolated linearly to determine a table of
perturbed self-shielded cross-sections,
¯ ′a = (1 + ıXA) ¯a
(
T,  ′0 =
0
1 + ıXT
)
(28)
The interpolated self-shielded cross-sections can be substi-
tuted into Eqs. (24) and (25) to produce a table of perturbed
resonance integrals that are self-consistent with the perturbed
inﬁnite-dilution cross-section. An example diagram of this proce-
dure applied to the absorption resonance integral table is shown in
Figs. 2 and 3.
4.  Simulations and results
The  methodology for calculating the combined implicit and
explicit sensitivities to multi-group cross-sections that has been
described in Section 3 was used by the DINOSAUR code to gener-
ate sensitivity proﬁles of a lattice multiplication constant, k∞, with
respect to various multi-group neutron cross-sections of impor-
tance. The sensitivity proﬁles were generated by DINOSAUR in
both a 69 and 172-group energy structure. The two IAEA multi-
group libraries, each of the WIMS-D4 format, are freely available
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rom WLUP. For this work, the employed IAEA library was  based on
NDF/B-VII nuclear data, and is hereafter referred to as IAEA-endf-7.
The DINOSAUR sensitivity proﬁles are compared against sen-
itivities calculated by TSUNAMI-1D (Rearden, 2009b), part of the
CALE 6.0 code package (Bowman, 2007) developed by Oak Ridge
ational Laboratory (ORNL). TSUNAMI-1D uses an adjoint-based
inear perturbation theory approach to compute sensitivities for
ne-dimensional lattice cells. In this paper, TSUNAMI-1D sensi-
ivities were calculated in 238 energy groups using the SCALE
xn238v7” data library based on the ENDF/B-VII evaluation. Implicit
ensitivities are calculated by TSUNAMI-1D using automatic differ-
ntiation applied to its self-shielding modules.
Note, however, that the comparison between results of
INOSAUR and TSUNAMI-1D is not perfect, because the perturbed
arameters are not precisely the same. Whereas DINOSAUR can
ompute sensitivities with respect to the XS, XG, XF and NU
arameters of each nuclide, TSUNAMI-1D sensitivities are those
f individual cross-sections precisely, such as elastic and inelastic
Fig. 3. WIMS-D4 absorption resonances-section table interpolation.
scattering,  (n,	), (n, 2n), (n, ˛), v¯, and so on. While XF and NU cor-
respond exactly to (n, f) and v¯, XG is only an approximation of (n,)
for most nuclides. Likewise, the comparability of XS with elastic
scattering depends greatly on the nuclide in question, being pre-
cise for hydrogen, but questionable for nuclides with large inelastic
scattering cross-sections. These discrepancies must be considered
when doing a direct validation of DINASAUR to TSUNAMI in this
regard.
The sensitivity comparisons reported in this paper are therefore
carefully selected for input parameters that are highly compara-
ble between the two  codes: 1H elastic scattering (XS) and neutron
capture (XG); 16O elastic scattering (XS); 235U neutron capture
(XG), ﬁssion (XF) and v¯ (NU); and 238U neutron capture (XG), ﬁs-
sion (XF) and v¯ (NU). Plots of selected parameters from xn238v7
and DINOSAUR parameters derived from IAEA-endf-7 are shown
in Figs. 4–10. Additional comparisons for parameters that are not
directly related between the codes were also performed and the
differences observed were as expected.
 integral (RIa) table calculation.
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Fig. 4. 1H elastic scattering vs. XS comparison.
Fig. 5. 1H (n,	) vs. XG comparison.
Fig. 6. 16O elastic scattering vs. XS comparison.
Fig. 7. 235U ﬁssion vs. XF comparison.
Fig. 8. 235U (n,	) vs. XG comparison.
Fig. 9. 238U ﬁssion vs. XF comparison.Fig. 10. 238U (n,	) vs. XG comparison.
4.1. Test cases speciﬁcations
Sensitivities  of the lattice multiplication constant, k∞, with
respect to multi-group neutron cross-sections has been performed
by DINOSAUR and TSUNAMI-1D on an LWR  pin cell model of the
Peach-Bottom unit 2 (PB-2) General Electric Type 4 Boiling Water
Reactor (BWR), whose lattice speciﬁcations are shown in Table 9.
Whereas TSUNAMI-1D is limited to considering only one-
dimensional geometries, the analysis by DINOSAUR was performed
on both a 1-D and 2-D model of the BWR  lattice. A Wigner–Seitz
approximation was applied to the square-pitched PB-2 BWR  lattice
in order to establish one-dimensional equivalent geometries that
were used by TSUNAMI-1D and the 1-D calculation by DINOSAUR.
The 2-D DINOSAUR geometry was  modeled on the speciﬁcations in
Table 9 exactly.
4.2.  Test cases results – dinosaur and tsunami-1dSensitivity proﬁles (sensitivity per unit lethargy vs. energy) of
some parameters of interest are shown in Figs. 11–17. The cross-
section sensitivities calculated by DINOSAUR using DNP  closely
Table 9
BWR  lattice speciﬁcations.
Parameter Value
Unit cell pitch [mm] 18.750
Fuel pellet diameter [mm] 12.1158
Fuel pellet material UO2
Fuel density [g/cm3] 10.420
Fuel enrichment [w/o] 2.93
Cladding outside diameter [mm] 14.3002
Cladding thickness [mm] 0.9398
Cladding material Zircaloy-2
Cladding density [g/cm3] 6.55
Gap material He
Moderator material H2O
Reactor  conditions Value
Fuel temperature [K] 900.0
Cladding temperature [K] 600.0
Moderator temperature [K] 557.0
Moderator density [kg/m3] 460.72
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Fig. 11. 1H elastic scatter/XS sensitivity proﬁle.
Fig. 12. 1H (n,	)/XG sensitivity proﬁle.
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Fig. 15. 235U (n,	)/XG sensitivity proﬁle.Fig. 13. 16O elastic scatter/XS sensitivity proﬁle.
esemble those of TSUNAMI-1D. However, TSUNAMI-1D, due to its
ibrary having a ﬁner multi-group energy structure in the resonance
ange – 61 groups to DINOSAUR’s 27 in the energy interval between
.1 keV and 1.0 keV – often ﬁnds series of tall, narrow peaks sep-
rated by troughs that are together consolidated into broader yet
horter peaks by DINOSAUR. This peak-ﬂattening can be seen in
he DINOSAUR sensitivity proﬁles of U238XG , U
235
XG and H
1
XS . All display
imilar peak-ﬂattening compared to TSUNAMI-1D due to lower
Fig. 14. 235U ﬁssion/XF sensitivity proﬁle.Fig. 16. 238U ﬁssion/XF sensitivity proﬁle.
energy resolution, especially at energies above 0.1 keV. The peak-
ﬂattening phenomena could be avoided, however, by employing
a multi-group library with more energy groups for the DINOSAUR
calculations.
The capability of DINOSAUR to calculate implicit sensitivity
effects depends on the presence of resonance integrals for self-
shielding in the WIMS-D4 library, and the method may  be limited
to only explicit effects for libraries that have limited data. For exam-
ple, the IAEA WIMS-D4 resonance integral tables are not extensive.
In addition to providing no scattering resonance integrals for any
isotope, neutron absorption and ﬁssion-yield integrals are absent
for several isotopes that are often admixed at low dilution and for
which self-shielding effects may  be important, such as Zirconium
absorption and 238U ﬁssion at high energies.
Best-estimate predictions of k∞ as computed by both codes
using ENDF/B-VII data is shown in Table 10.
The perturbation sizes are listed in Table 11. More discussion on
perturbation sizes is offered in Section 4.3.Integrated sensitivities – the sum of the dimensionless sensitiv-
ity coefﬁcients over all energy groups – of k∞ with respect to all
the parameters in Table 11 are shown in Table 12. The sensitivities
Fig. 17. 238U (n,	)/XG sensitivity proﬁle.
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Table  10
Best-estimate k∞ as predicted by TSUNAMI-1D and DRAGON.
TSUNAMI-1D DRAGON-1D DRAGON-2D
1.22274 1.21397 1.21544
Table 11
DINOSAUR perturbation sizes.
Nuclide Parameter Perturbation (1 + ı)
1H XS 1.05
1H XG 1.05
16O XS 1.10
235U XF  1.02
235U XG 1.02
235U XG 1.02
238U XF 1.05
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Fig. 18. 56Fe XG sensitivity proﬁle with DINOSAUR perturbation of 25%.
Fig. 19. 56Fe XG sensitivity proﬁle with DINOSAUR perturbation of 200%.
T
I238U XG 1.02
238U NU 1.05
n Table 12 are total sensitivities (implicit plus explicit) and were
omputed with TSUNAMI-1D using both ENDF/B-VI and ENDF/B-
II data, and also by DINOSAUR using only ENDF/B-VII data but
pplied to both one-dimensional and two-dimensional models of
he lattice speciﬁed in Table 9.
As shown in Table 12, there is good agreement between
INOSAUR integrated sensitivities (for both 1D and 2D models) and
hose computed by TSUNAMI-1D. Interestingly, sensitivities com-
uted by DINOSAUR to the parameters U238XF , U
238
NU and U
235
NU using
NDF/B-VII data ﬁnd better agreement when TSUNAMI-1D uses its
NDF/B-VI data rather than it own ENDFB-VII data. This may  indi-
ate small inconsistencies in the ENDF/B data used by the IAEA and
RNL when processing their respective multi-group libraries.
.3.  Dnp step size selection
A  characteristic of DNP is that some difﬁculties can be encoun-
ered when perturbing input parameters to which the sensitivity of
∞ is especially small, and the selection of an appropriate pertur-
ation, or step, size. In such cases, perturbations of several hundred
r thousand percent may  be necessary to effect sufﬁcient change in
 response function to compute its partial derivative. The response,
∞, is calculated by DRAGON to a (default) precision of six decimal
laces, which consequently demands a minimum perturbation on
 cross-section such that the perturbed value of k∞ is distinguish-
ble from the unperturbed value by at least two  decimal places
o that the difference can be reasonably quantiﬁed. Applied to
nput variables with especially low k∞ sensitivity, the perturba-
ion demanded by numerical considerations may  be so large as
o no longer result in a suitable estimation of the partial deriva-
ive about the unperturbed value. This is referred to as a “step-size
ilemma” (Martins et al., 2003). The sensitivity of k∞ of the BWR  pin
able 12
ntegrated sensitivity coefﬁcients by parameter.
Perturbed parameter Integra
TSUNA
Nuclide TSUNAMI-1D DINOSAUR ENDF/
1H elastic XS 0.237
1H (n, 	) XG −0.032
16O elastic XS −0.018
235U (n, 	) XG −0.140
235U ﬁssion XF 0.287
235U v¯ NU 0.905
238U (n, 	) XG −0.313
238U (n, ﬁssion) XF 0.051
238U v¯ NU 0.094Fig. 20. 56Fe XG sensitivity proﬁle with DINOSAUR perturbation of 1000%.
cell to 56Fe XG is shown for perturbations of various magnitudes in
Figs. 18–21, to illustrate the effect of perturbation size on the cal-
culated sensitivity. In general these ﬁgures demonstrate that even
for cases where extremely low sensitivities exist, and large pertur-
bations are applied, there remains good agreement between the
DNP methodology developed here and the adjoint methods within
TSUNAMI.
ted total sensitivity
MI-1D DINOSAUR
B-VI ENDF/B-VII 1D 2D
6 0.2385 0.2345 0.2349
7 −0.0329 −0.0329 −0.0325
9 −0.0189 −0.0179 −0.0174
9 −0.1417 −0.1419 −0.1395
4 0.2874 0.2855 0.2880
6 0.9093 0.9052 0.9063
7 −0.3119 −0.3351 −0.3317
2 0.0490 0.0512 0.0513
3 0.0907 0.0941 0.0943
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Tsvetkov, P., Walter, A., 2011. Nuclear Data and Cross Section Processing. Fast Spec-Fig. 21. 56Fe XG sensitivity proﬁle with DINOSAUR perturbation of 5000%.
. Conclusions
A  methodology has been developed to compute lattice reac-
or physics output sensitivities to input parameters using a direct
umerical perturbation approach as well as to propagate parameter
ovariance. Perturbations are made to microscopic cross-sections
tored in a multi-group library prior to the self-shielding calcula-
ions by the lattice solver. A set of rules have been developed for cor-
ecting WIMS-D4 resonance integrals and other parameters, which
re derived from perturbations to multi-group cross-sections in
rder to capture implicit sensitivity effects that arise through reso-
ance self-shielding. The unique aspect of this work is that it allows
or DNP studies of lattice physics uncertainties including the effects
f self-shielding, and allowing for the perturbation of all physics
arameters as well as operational, composition and geometry
Applied  to a Boiling Water Reactor fuel cell, DINOSAUR inte-
rated sensitivities and sensitivity proﬁles show good agreement
o those predicted by TSUNAMI-1D for parameters that are well-
uited to direct comparison. This agreement is somewhat expected,
s both DINOSAUR and TSUNAMI-1D feature essentially equivalent
ormalisms for assessing implicit sensitivities, and as both codes
ere referencing ENDF/B-VII data. However, some non-trivial dis-
greement is seen in some integrated sensitivities, in particular for
he (n, 	)/XG parameter of 238U. As the best-estimate values of the
ultiplication constant differ by approximately 500 pcm, some dif-
erence in parameter sensitivities must be expected, arising from
he best-estimate solution methodology or reference data rather
han from the methods for performing sensitivity analysis. For
xample, integrated sensitivities suggest some discrepancy in some
sotopes between the speciﬁc ENDF/B data used between the SCALE
nd IAEA multi-group libraries employed in this study. Future work
s also planned to include nonlinear interpolation schemes to eval-
ate the second-order effects apparent in the lookup tables which
rovide the relationship between the shielding factor and 0.
Little difference was observed in the sensitivity results when
omparing one-dimensional to two-dimensional BWR  lattice mod-
ls. As the latice cell is almost axisymmetric in the ﬁrst place, this
esult is also expected, since the one-dimensional model only fea-
ures a different outer boundary shape and not changes to the fuel
in or clad shape. Where one should expect to see value in fully
wo-dimensional sensitivity analysis is for lattice cells that are ill-
uited to the Wigner–Seitz approximation, or in other words, lattice
ells that cannot be easily represented by an axisymmetric system.
 CANDU® fuel bundle lattice is a good example of such a system.
From  a practical perspective, in contrast to the perturbation the-
ry approach used by TSUNAMI-1D, direct numerical perturbation
ncounters some difﬁculty in establishing the local gradient of out-
ut responses with respect to especially insensitive parameters,
uch a cross-sections belonging to cladding alloy materials in low
bundance. Care must be taken when selecting perturbation sizes,
s a perturbation that is too small will not sufﬁciently perturb k∞,g and Design 265 (2013) 1– 12
and a perturbation that is too large increases the effect of truncating
higher-order terms during the computation of the gradient using
a ﬁnite-difference. To achieve a sufﬁciently large change in k∞ so
that the difference is observable within the convergence criteria
of the lattice solution, perturbations of input parameters of sev-
eral thousand percent can be necessary. In such cases, the ﬁnite
difference approach may  no longer lead to a reasonable approxi-
mation of the local gradient with respect to the input parameter
about its best-estimate value. For the reactions most relevant to
criticality, reaction rates, and collapsed few-group nuclear data, the
technique did provide measures of sensitivity in comparison to the
adjoint-based alternatives. Where the methodology differentiates
itself, is in its ability to handle the integrated effects of nuclear data,
operational variables, composition and geometry, and does so by
accounting for the changes in self-shielded cross section as a result
of any such changes.
In  summary, the main objective of this work was  to estab-
lish a methodology for computing total sensitivities (implicit plus
explicit) of reactor lattice multi-group parameters utilizing exist-
ing libraries structures and industrial computational tools such that
the result has maximum beneﬁt for nuclear power reactor anal-
ysis. A procedure for the accurate computation of sensitivities is
necessary to perform covariance propagation, which is ultimately
useful for assessing the conﬁdence associated with practical engi-
neering calculations such as the local power generated by each fuel
bundle or fuel channel, reactivity coefﬁcients, end-of-cycle isotope
inventories, and so on.
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